ABSTRACT | Intestinal ischemia followed by reperfusion has been widely studied, and oxidative stress generated by the production of reactive oxygen species is one major pathophysiological mechanism involved. The reduced form of glutathione (GSH) as part of the cellular antioxidant defense is affected during this process. The aim of this study was to perform a systematic study on the time course of intestinal GSH during intestinal ischemia, and ischemia followed by reperfusion (I/R) to clarify its role in I/R. Wistar rats were subject to laparotomy and ischemia achieved by clamping the intestinal vascular axis, and releasing the elastic band for the reperfusion period. Ischemia and I/R were monitored by surface oxygen and carbon dioxide electrodes. GSH was assayed by high pressure liquid chromatography. Our results showed that ischemia induced slight decreases in cecal GSH that could not be established as significant in the 120 min ischemia group. However, 5 and 30 min of reperfusion following different times of ischemia promoted a time-dependent decrease of GSH that reached 30% of control values. In conclusion, intestinal GSH may play a critical role during I/R in view of the correlation between its concentration after revascularization and the time of ischemia, which deserves further investigation.
INTRODUCTION
Intestinal ischemia is a clinical condition that emerges when blood flow to the mesenteric territory is insufficient to meet the requirements of the intestine. It is caused by circulatory failure, and tissue damage occurs as a result of the reduced supply of oxygen and nutrients to the affected area [1, 2] . Intestinal ischemia followed by reperfusion is a frequent phenomenon during intestinal stricture, gangrene, fulminant universal colitis, and mesenteric secondary low flow [3] . It is also caused by other illnesses such as neonatal necrotizing enterocolitis [4] , cardiopulmonary bypass, strangulated hernias, intestinal transplantation, abdominal aortic aneurysm surgery, and in shock and sepsis [5] that compromise motor and secretory intestinal functions [4] . The above pathophysiological conditions result in bacterial translocation, endotoxemia, acute respiratory stress syndrome, and acute hepatic injury, which may eventually lead to the development of a multiple organ dysfunction syndrome [5] , causing high morbidity and mortality [6] . Intestinal ischemia and reperfusion (I/R) injury is a complex and multifactorial pathophysiological process that involves the action of reactive oxygen and nitrogen species (ROS/RNS), inflammatory cytokines, and polymorphonuclear lymphocytes. Of the potential ROS sources described to date, xanthine oxidase, NADPH oxidase (NOX), mitochondria, and uncoupled nitric oxide synthase have been demonstrated to be the most likely contributors to reperfusion-induced oxidative stress and reperfusioninduced organ dysfunction and tissue damage [7] . There are a variety of antioxidant defense systems that coordinate cooperatively and protect the body from oxidative stress injury in aerobic organisms. These include many enzymatic antioxidants (e.g., superoxide dismutase, glutathione peroxidase, and catalase) and non-enzymatic antioxidants such as the reduced form of glutathione (GSH), which are subject to transcriptional regulation under various conditions, including ischemia and reperfusion injury [8] .
It is noteworthy that GSH is a highly effective antioxidant which acts as an intracellular cysteine deposit, preventing the action of free radicals [9] .
Gastrointestinal diseases have been associated with oxidative stress as an essential factor in their pathogenesis [10] . As an example of this, our group demonstrated that administration of the cysteine derivative N-acetyl-cysteine increases intracellular glutathione levels in experimental acute colitis and protects against the disease pathophysiology [11] . A number of studies have tried to demonstrate the effects of I/R on intestinal GSH, but no systematic study has characterized the response of this tissue to different ischemia periods and its response after a standard period of reperfusion. The aim of the present study was to determine the changes in GSH content in rat intestine after different periods of ischemia and those same periods of ischemia followed by a 30 min period of reperfusion.
MATERIALS AND METHODS

Surgical Procedures
Animals (male Wistar rats 250-350 g, Harlan Laboratories®) were fasted for 12 h and then anesthetized with ketamine plus xylazine (80/10 mg/kg) intraperitoneally. Medial laparotomy was performed to access the abdominal cavity. Ischemia was performed in the ileum area by a loop with elastic band (Vesseloops™), placed on the intestinal vascular axis. At one edge of the abdominal incision, 1 cm below the xiphoid cartilage, separation of subcutaneous muscle tissue was performed to determine trans-mural partial pressure values of O2 and CO2. These same measurements were made on the cecum surface in order to check hemodynamic stability. Reperfusion phase was started by removing the vascular compression of the intestinal vascular axis. After ischemia or ischemia and reperfusion (I/R) periods, intestinal samples were removed, washed in saline serum, and frozen for biochemical analysis.
Experimental Group
Fifty male Wistar rats (250-300 g) were kept in a standard animal facility, with access to food and wa- For the experimental study, Wistar rats were randomly divided into 4 experimental groups, as outlined below. The parameters evaluated were: (1) analytical studies of oximetry/capnometry (PtO2/PtCO2) to confirm ischemia and reperfusion, and (2) biochemical analysis of intestinal GSH in all groups and subgroups described above.
Oximetry/Capnometry
Oxygen and CO2 partial pressures were determined on the serous cover of the tissues (abdominal muscle rectus abdominis and frontal cecum surfaces, respectively) with a combined PtO2/PtCO2 sensor (Novametrix™) that provided continuos PtO2/PtCO2 monitoring [12, 13] .
Assay for GSH Content
GSH concentration in the different samples was determined by the method described by Reed et al. [14] . The adduct GSH-CDNB (glutathione-fluorodinitrobenzene) was separated and quantified by high performance liquid chromatography (HPLC). Briefly, we used a gradient of methanol:water (4:1, v/v) and sodium acetate buffer (50 mM, pH 5.4). Detection was performed with a UV/Vis detector at 365 nm.
Assay for Protein Content
Protein content was measured using the Lowry method [15] .
Statistical Analyses
All result values were expressed as the mean ± SEM. To analyze the quantitative variables of the experi- 
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mental groups, an ANOVA test was used to determine the existence of differences between them. To determine significance levels in each case, a Fisher's least significant difference test was performed. Nonnumeric variables were evaluated with the chi square test. A p value of less than 0.05 was considered to be statistically significant. The data were analyzed using the statistical software package SPSS 22.1.2 (IBM, USA). Figure 1 shows the recordings of pO2 and pCO2 on the cecum surface during the surgical procedure to confirm that the surgical procedure and the arterial occlusion were effective. pO2 returned to physiological values after the ischemic period and stabilized during the subsequent 30 min reperfusion period, except in the "I 120 min/R 30 min" group, where much greater variations were observed at the end of the experiment. pCO2 increased to values that reached the maximum detectable limit by the device during the different ischemic periods. Reperfusion clearly affected surface pCO2 with higher deviations as ischemia period increased. Figure 2 represents the content of intestinal GSH in the different groups studied. Ischemia slightly decreased GSH content in the cecum after 30 and 60 min of ischemia, but no significance could be established after 120 min of ischemia, when 
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compared with the control values. However, when compared with the animals that suffered ischemia and subsequently a standard reperfusion time of 30 min, the longer the ischemic period was, the more severe the GSH decrease was at the end of the reperfusion period. The GSH values 5 min after initiating reperfusion decreased also proportionally to the ischemic period (Figure 3) .
DISCUSSION
The surgical procedure applied in this study achieved the goal of maintaining ischemia during the different periods chosen. Interestingly, pCO2 recovered to control values (prior to ischemia) and stabilized only in the 30 min ischemia and reperfusion. All other groups showed big variations of pCO2 after reperfusion, most probably related to the duration of ischemia. This finding deserves further research.
A recent review by Bhattacharyya et al. [10] situates GSH as the first non-enzymatic antioxidant in the pathogenesis of gastrointestinal mucosal diseases, as we had previously also demonstrated in a model of experimental acute colitis [11] . In fact, the tight correlation between the decreases of intestinal GSH content and the duration of ischemia only 5 min after the initiation of reperfusion (Figure 3) provides a very interesting clue to the role of this cellular antioxidant during intestinal I/R. Other authors have reported significant decreases in intestinal GSH after 30 min ischemia and 45 min reperfusion of only 18% of the control value [17] , or a 30 % reduction in total antioxidant capacity (GSH is part of this capacity) after 1 h of ischemia followed by 2 h of reperfusion [18] , or have only measured the blood GSH concentration without caring about the concentration in cecum [19] . As can be interpreted by the data herein, the modifications of intestinal GSH content occurred immediately after initiating reperfusion (as soon as 5 min) and were proportional to the duration of ischemia. The protective role of mucosal GSH in a model of rat hemorrhagic shock (1 h hypotension followed by 1 h reperfusion), defined by the authors as a prolonged "ischemia"/reperfusion condition, was questioned by the experiment that depleted it with phorone (diisopropylideneacetone) and showed that allopurinol, an inhibitor of xanthine oxidase (supposed to be the major source of ROS in the intestine under I/R conditions [7] ), did not protect against intestinal lesion formation and that phorone-induced GSH depletion exerted a protective effect against hemorrhagic shock-induced gastrointestinal lesion [20] . Phorone is an interesting compound that was shown to deplete cytosolic GSH but not the mitochondrial pool when injected to animals [21] and in cells in vitro [16, 22] , helping to understand the major role of mitochondrial GSH in cell survival. This might be an explanation for its protective effect, i.e., decreasing the cytosolic thiyl radical-dependent ROS generation [23] . In the previous report, we demonstrated that thiols react differentially with myoglobin and that the formation of thiyl radical upon an oxidative challenge to myoglobin may be modified by these sulfur-containing compounds. Further mechanistic aspects of this process need to be clarified. Interestingly, different reports show the lung [24] or other organ damage after intestinal ischemia/reperfusion. Research is underway in our laboratory to try to elucidate the mechanisms involved in this remote damage. The findings of the present study herein confirmed that the ischemic period is critical for the reperfusion-induced GSH decrease in the cecum, as well as probably other metabolites related to oxidative stress. Further and systematic research is needed to provide a consistent time course of events under ischemia and reperfusion conditions.
